To understand the distribution of angular momenta between host stars and their planets, we estimate the spin angular momentum (J spin ) of host stars that follow a power law with stellar mass
Introduction
The distribution of angular momentum between host star and planetary bodies is poorly understood. Many models are developed to understand the variation of angular momentum in all the evolutionary stages of Sun-like stars (Gallet & Bouvier 2013; Bouvier et al. 2014; Williams et al. 2014) . During the first few million years, the rotation rate of the central star is significantly affected by dynamic interactions between it and the protoplanetary disk (Scholz 2013) . In the pre-main-sequence stage, the central protostar loses its angular momentum due to mass loss (Aarnio et al. 2012 ) and the magnetic interactions with the accretion disk and central stars lead to an exchange of angular momentum (Wolff et al. 2004; Vidotto 2014) . The lifetime of the disk depends on the rotation of the central star (Denissenkov et al. 2010; , and once the central star reaches the main-sequence stage, its rotational rate gradually decreases through stellar wind and attains a low magnetic activity compared with the pre-main-sequence stage (Mestel 1968; Collier-Cameron et al. 1991) . Interestingly, during the mainsequence stage, Sun-like stars with high rotation periods lose negligible angular momenta compared to host stars that have slow rotation periods (Lanza 2010) . It should be noted that planets can also form around the brown dwarfs with a high rotation rate (Scholz 2013 ).
Due to their high mass and magnetic activity, early-type stars possess more angular momentum than late-type stars (Tarafdar & Vardya 1971; Carrasco et al. 1982) . Therefore, as a star evolves, its central mass plays a significant role in varying its angular momentum (Matt et al. 2015) . For the stars earlier than F0 spectral type, Kraft (1967) obtained a power-law relationship between the mean angular momentum per unit mass (J) and the mass of a star (M), such that J∝M α , where α is an exponent. Recent analysis of the Kepler host stars confirm Kraft's power-law relationship (Paz-Chinchón et al. 2015) .
By considering the physical and orbital characteristics of the exoplanets, the present study has the following aims: (i) to understand the distribution of angular momentum between exoplanets and their host stars; (ii) to examine whether the distribution of angular momentum between stars and their exoplanets is same in case of single and multiplanetary systems; and (iii) to investigate distribution of planets with orbital distances in case of single and multiplanetary systems. This paper is structured as follows. Detailed explanations of the data and methodology used to compute angular momenta are described in Section 2. The results and discussion are presented in Section 3, while important conclusions drawn from the study are presented in the last section.
Data and Analysis
The physical and orbital characteristics (with error bars) of exoplanets (like masses, semimajor axes, and orbital eccentricities) and their host stars (like stellar masses, stellar radii, and projected rotational velocities) are considered from the NASA Exoplanet Archive website. 4 Ranging from spectral type A to M, we have nearly 363 exoplanets orbiting around 289 host stars. The number of planets belong to each spectral type are provided in Table 1 . Out of 289 stars, majority of stars considered in this study is F-G-K stars. Among 363 exoplanets, 233 belong to single-planetary systems and 130 belong to multiplanetary systems. To avoid the ambiguity in considering the brown dwarf candidates, we restrict the maximum planetary mass limit to 13 Jupiter mass. The final data set consists of 76 low-mass (0.1 M J ) planets, out of which six have masses approximately close to Earth's mass. The physical and orbital characteristics of the selected exoplanets and their host stars are provided as a supplementary data.
Orbital angular momentum (OAM), L p , of exoplanets (Berget & Durrance 2010) is computed (based on the central force between two objects) as follows:
where M p is the mass of the exoplanet, G is the universal gravitational constant, a is the semimajor axis, e is the orbital eccentricity, and M å is the stellar mass. It is to be noted that the Equation (1) is a valid approximation because the planetary mass is negligible when compared with stellar mass. It is also to be noted that all units in present study are in MKS. An error in the L p is estimated by partial differentiating Equation (1) with respect to each variable, which is given by The spin angular momentum of the host star, J å , is estimated by
where v sin i is the projected rotational velocity of the star, i is the inclination about the rotation axis, R å is the radius, and I å is the moment of inertia (=(2/5)   M R 2 ) of a star calculated with a reasonable assumption of rigid body. In the case of Sun-like stars (F, G, K spectral type which are majority of stars in the present analysis), nearly 50% of the mass (Gibson 1973; Hiremath 2013 Hiremath , 2016 ) is concentrated in a 20% radius from the center, where density variation is roughly constant, hence this reasonable assumption that the star is a rigid body is valid. Error in J å is estimated by using equation given by
where Z=
If the rotational period (P å ) of a star is known, the spin angular momentum, J spin and its error δJ spin , can also be computed as follows:
It is to be noted that, both J å and J spin represent the spin angular momentum of a host star. However, J å is estimated by using projected rotational velocity, whereas, J spin is estimated by using rotational period of a star. Using the formulae 1-10 and different physical characteristics of the host stars, we compute each planetʼs orbital angular momentum and its error bar, its starʼs spin angular momentum, its error bar, and the total (sum of spin and orbital) angular momenta of the star-planetary system. Corresponding to these physical parameters, we also compute specific angular momenta of planets and total star-planetary system. These estimated orbital and specific angular momenta of host stars and exoplanets are provided as a supplementary data. 
Results and Discussion

Orbital Angular Momentum of Exoplanets
First, we investigate a relationship between the exoplanetary
and its orbital angular momentum OAM (L p ). Among the linear and nonlinear (power law and exponential) fits, we get a best power-law fit between the OAM of detected exoplanets and their respective masses given by Figure 1 (a) illustrates the nonlinear dependence of orbital angular momentum with their planetary mass. As the OAM of detected exoplanets is directly proportional to the planetary mass (see Equation (1)), it is not surprising that the slope in the Figure 1(a) is ∼1. However, aim of the present study is to find the range of OAMs of the exoplanets that vary with different planetary masses. Furthermore, specific angular momenta (I p = L p /M p ) of planets are estimated and their distribution with planetary masses are illustrated in Figure 1(b) . Planets belonging to multiplanetary systems are marked with red crosses, and empty triangles represent planets belonging to single-planetary systems. One can notice from this figure that specific angular momentum of planets increases with increasing planetary mass in case of multiplanetary systems. However, in case of single-planetary systems, specific angular momentum of planets increases with increase in planetary mass until 0.1 M J (or −1 in log scale). For planetary masses grater than 0.1 M J , one can notice that there are two apparent distributions. First, distribution shows that specific angular momentum is independent of planetary mass and second distribution follows a path similar to multiplanetary system. At present, it is not clear to us why specific orbital angular momentum with respect to planetary mass follows such a distribution after 0.1 M J . From these distributions, as presented in Figure 1 (b), single-planetary systems that follow the distribution of multiplanetary systems may have one or more planets; however, they might not have been detected due to limitations of the present detection methods. Among other planets that belong to single-planetary systems, the majority of planets belong to hot Jupiters. Hence, we can say that during early evolutionary stages of planetary formation, migration scenario might have played a crucial role to attain the final architecture of planetary systems.
Spin Angular Momentum of Confirmed Planetary Host Stars
The dependency of the estimated spin angular momenta, J å , of stars (by using Equation (7)) on stellar masses is examined for both linear and nonlinear least-square fits. The best fit yields a nonlinear relationship which is illustrated in Figure 2 , with a power law given by
42.63 6.45 3.46 0.52 log . 12
Interestingly, the simplified form of Equation (12) resembles the Kraft (1967) 
M , wherein α is 4.5). One can notice from Figure 2 that there is a lot of scatter in this relationship. A careful observation of data reveals that we have significant uncertainties (30%) in the projected rotational velocities of host stars. These significant uncertainties might have caused the large scatter in Figure 2 . Hence, to reduce the scatter in the relationship between spin angular momentum and stellar mass, we consider photometrically estimated rotational period (most of the values have 20% error) of the stars that have detected exoplanets from the previous studies (Pinsonneault et al. 2012; Paz-Chinchón et al. 2015) . By knowing rotational period (P) and from Equation (9), the spin angular momentum, J spin , of these host stars is computed. The resulting spin angular momentum vs stellar mass is illustrated in Figure 3 . The best power-law fit between the spin angular momentum of the stars and their masses yields The above equation is preferred for further calculations. Hence, for the present analysis, we estimate the accurate spin angular momentum of each of the host stars by substituting the stellar mass in Equation (13) to estimate total angular momentum of the host stars in the following sections. Alves et al. (2010) compared the spin angular momentum of stars with and without exoplanets, and suggested that stars with confirmed exoplanets have more angular momenta than the stars without. It is plausible that the low-spin angular momenta of stars (having undetected planets) are the result of the distribution of angular momenta of stars to the spin and orbital angular momentum of undetected planets. Because stars with high planetary masses have high OAMs (Figure 1) , we can speculate that stars with low OAM might have low-mass planets that can be detected by future space probes.
Total Angular Momentum of the Confirmed Planetary Systems
By knowing the information of spin angular momentum of stars and orbital angular momentum of exoplanets, our final objective is to examine the variation of total angular momentum (spin + orbital) with respect to their planetary and stellar masses. 
Total Angular Momenta versus Stellar Masses
An investigation between the total angular momentum (J tot ) of the host stars and their masses shows that J tot is nonlinearly dependent on stellar mass
. This nonlinear relationship is illustrated in Figure 4 and the best fit yields a power law as follows: It is important to note that if the best-fit line is extended towards the lower stellar mass region, the minimum total angular momentum that a star can have is ∼3.78×10 38 kg -m s 2 1 , which is close to the spin angular momentum of a brown dwarf limiting mass (0.08 M e ). This implies that the total angular momentum of a stellar system with a least stellar mass that generates energy from nuclear fusion reactions is ∼10 38 kg m 2 s −1 .
Total Angular Momentum versus Planetary Masses
The dependence of total angular momentum (J tot ) on Equations (16) to (19) suggest that total (specific) angular momentum of the system also increases with planetary mass. However, it increases steadily (and nonlinearly) for high-mass (>0.1 M J ) planets and has more scatter towards low-mass (0.1 M J ) planets. We believe this could be due to undetected planets in the low-mass range. In addition, Figure 6 (a) and Equation (16) suggest that probability of detection of Earth-mass planets is more towards J tot of the stellar system is 
Clues for the Earth-like Planets
To get clues for Earth-mass planets, one has to have the knowledge of distribution of planetary masses over the entire orbital distance range. Thus, initially we examine the dependency of planetary mass on semimajor axis, which is illustrated in Figure 7 (a). It is interesting to notice from Figure 7 (a) that there are two different distributions: (i) single-planetary systems with the mass range of 0.01-10 Jupiter mass that are distributed independent of semimajor axis, and (ii) a wide range of multiplanetary systems masses directly vary with the semimajor axis. In addition, there are two branches in single-planetary systems, one with high-mass planets close to their host stars (0.1 au) and second with high-mass planets far from their host stars (>0.4 au). A previous study (Gurumath et al. 2017) suggests that migration scenario is dominant in case of singleplanetary systems, especially systems with hot Jupiters. During such a migration of massive planets in the early evolutionary stages, inner low-mass planets might have been destroyed or ejected due to planet-planet interactions. Thus, it is hard to detect one more planet in systems with hot Jupiters. However, high-mass planets, which probably are part of single-planetary systems that are situated far from their host stars, are good targets to look for one more nearby planet to their respective star. In addition, this branch of single-planetary systems is overlapped with multiplanetary systems. Hence, there is more chance of detecting planets similar to Earth's mass, which probably are close to their host stars. Hence, we can infer that single and multiplanetary systems probably have different formation mechanisms. In fact, we came to a similar conclusion while investigating the relationship between the stellar metallicity and exoplanetary mass (Gurumath et al. 2017 ; see Section 3.2.2). By using this equation, one can find the range of orbital distances where Earth-mass planets can be detected. With a caveat, we are concluding that, due to fewer number of multiplanetary systems and small error bars in the lower planetary mass range, the least-square fit is as expected. This result may improve with further consideration of more number of planets in near future.
Conclusions
In conclusion, by considering the physical and orbital characteristics of the exoplanets that orbit around stars of spectral type A-M, we have estimated the orbital angular momentum of detected exoplanets and obtained a best powerlaw fit with their planetary masses. Furthermore, we have also estimated the specific orbital angular momentum of exoplanets and examined their variation with respect to their planetary mass. This variation suggests a nonlinear relationship of specific angular momentum with planetary mass in case of multiplanetary systems, whereas it is independent in case of singleplanetary systems.
Spin angular momentum of the host stars is estimated and is compared with the stellar mass. The best fit yields a power-law relation, similar to a Kraft relation, with nearly the same exponent (∼4.2). Furthermore, the total angular momentum of the stellar system is compared with the host star and exoplanetary masses. We obtained a power-law relationship between J tot and stellar masses that suggests the total angular momentum of a stellar system with a least stellar mass that generates energy from nuclear fusion reactions is ∼10 38 kg m 2 s −1 . Furthermore, we estimated the power-law relationship between J tot and planetary mass, which also shows a similar distribution in case of total specific angular momentum with planetary mass. We infer from the relationship between J tot and planetary mass that the detection of Earth-like planets is high when J tot of the stellar system is 10 . In addition, the relationship between J tot and the exoplanetary mass show two different possible distributions: one for those planets whose mass is 0.1 M J , and another for planets whose mass is >0.1 M J . The fit of J tot with the higher planetary mass range shows a clear power-law relationship. However, for a low planetary mass range, it shows much scatter that might be due to fewer number of planets.
Finally, planetary masses are compared with their respective orbital distances, and we find that, for multiplanetary systems, the planetary mass yields a best power-law relation with its respective orbital distance, whereas, for single-planetary systems, the planetary mass is independent of its orbital distance. These two distributions reveal that orbital migration might have played a major role during early evolutionary stages of planetary formation.
